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Abstract 
Thoracican barnacles of the Superorder Thoracicalcarea Gale, 2016 are sessile calcifiers 
which are ubiquitous in the intertidal zone and present from very shallow to the 
deepest marine environments; they also live as epiplankton on animals and detritus. 
The geochemical composition of their shell calcite has been shown to yield information 
about environmental conditions, but comprehensive analyses of barnacle shell 
geochemistry are so far lacking. 
Here, a dataset is reported for Mg/Ca, Sr/Ca, Mn/Ca, Fe/Ca, as well as carbon and 
oxygen isotope ratios for 42 species from the Balaniformes, Verruciformes, 
Scalpelliformes and Lepadiformes. Barnacles predominantly form low-Mg-calcite with 
very high Sr/Ca ratios averaging 4.2 mmol/mol. The Mn/Ca and Fe/Ca ratios in shell 
plates are variable and can exceed > 4mmol/mol in barnacles that are attached to 
manmade structures or live close to (anthropogenic) sources of Mn and Fe. No strong 
phylogenetic control on the average element/Ca ratios is observed in barnacles. The 
Balaniformes show a ca. 40 % enrichment of Mg in their scuta and terga as compared to 
other shell plates — a pattern which is not seen in other barnacles. The combination of 
low to medium Mg/Ca ratios and high Sr/Ca ratios is rare for marine biogenic calcite. 
Barnacles may thus become important for robustly reconstructing past seawater 
composition, if this signature is also present in fossil barnacle calcite and can be used 
alongside other fossil taxa with different Sr incorporation behaviour. 
Carbon and oxygen isotope data support the view that the oxygen isotope thermometer 
for barnacles is robust and that most barnacle species form their calcite near isotopic 
equilibrium with ambient water. The Lepadiformes, however, show a tendency for 
strong co-variation of δ13C with δ18O values and depletion in 13C and 18O which is 
attributed to isotopic disequilibrium during shell secretion. 
Strong systematic fluctuations in Mg/Ca ratios over length scales of ca. 5 to 15 µm are 
exhibited by the scalpelliform species Capitulum mitella, the only studied species which 
consistently forms high-Mg-calcite, and are tentatively linked to tidal control on the 
shell secretion pattern. Cathodoluminescence images for this species suggest that 
additionally a seasonal pattern of Mn distribution in its shell plates is recorded, pointing 
to a potential use for reconstruction of seasonal changes in terrestrial element supply.  
  
1. Introduction 
Barnacles have been of long-standing scientific interest with detailed work on 
taxonomy and fossil forms reaching back to Charles Darwin (e.g., Darwin, 1851, 1854). 
Thoracican barnacles (subclass Cirripedia) first appeared in the Early Paleozoic (Briggs 
et al., 2005; Pérez-Losada et al., 2008) and developed shells of phosphatic composition 
(Gale and Schweigert, 2016). This basal clade is represented by the living genus Ibla, 
which has shell plates composed of a poorly ordered hydrogen-phosphate-like material 
(Reid et al., 2012). Thoracicans evolved shells of calcite in the Jurassic, and form a 
monophyletic clade called the Thoracicalcarea Gale, 2016, which are abundant in the 
World’s oceans today. Calcareous barnacles first appeared in the Bathonian (mid-
Jurassic), and by the end of the Jurassic (Tithonian) forms referred to the family 
Zeugmatolepadidae were abundant and widespread, mostly as epifauna attached to 
ammonite shells and driftwood (Gale 2014, in press). In the Lower Cretaceous (Aptian) 
stalked benthonic cirripedes of the extant families Calanticidae and Scalpellidae 
appeared, which persist in deeper marine habitats to the present day (Gale 2015). One 
group of stalked calcareous barnacles became epiplanktonic (lepadomorphs). 
Calcareous cirripedes first adapted to shallow marine hard substrates in the Late 
Cretaceous (Gale and Sørensen 2015) and neobalanomorphs appeared in the Paleogene. 
These radiated rapidly, and by the Miocene these sessile forms were globally abundant 
and locally rock-forming in shallow marine habitats. Today they occupy a wide range of 
habitats from the intertidal zone down to deep sea trenches in the modern oceans 
(Foster, 1987). 
Calcareous barnacles secrete their shells onto a chitinous cuticle in a succession of very 
thin layers in synchronicity with the tidal cycle (Bourget 1987) or endogenous semi-
diurnal rhythm (Bourget and Crisp, 1975). The thin layers are composed of 
polycrystalline calcite crystals enveloped in organic macromolecules (Gal et al., 2015) 
and show hierarchical patterns. These hierarchical patterns relate to seasonal changes 
in growth rate and decreasing band with throughout ontogeny modulating the thickness 
of growth bands (Bourget and Crisp, 1975). After an initial planktic life stage, barnacles 
settle in their final larval stage and become sessile (Shanks, 1986), recording 
environmental conditions at their growth site during their adult life. Particular interest 
has been focussed on their attachment to various surfaces due to the negative economic 
  
impact of barnacle fouling (e.g., Christie and Dalley, 1987; Swain et al., 1998).The shells 
of barnacles have, however, also found use in ecological and environmental studies: 
δ13C and δ18O values of turtle and whale barnacles have been employed to trace the 
movement patterns of their host animals (Killingley, 1980; Killingley and Lutcavage, 
1983) and a barnacle oxygen isotope thermometer has been established (Killingley and 
Newman, 1982). This barnacle thermometer has, for example, been employed in 
determining habitats of turtle barnacles (Detjen et al., 2015), and deciphering the point 
of origin of museum specimens (Newman and Killingley, 1985). Additionally, carbon 
isotope ratios in body tissues of intertidal barnacles have been identified as a potential 
proxy for habitat elevation with respect to the tidal level (Craven et al., 2008). 
Element/Ca ratios of barnacle shells have been studied and proposed as tracers of 
salinity (Gordon et al., 1970) and shore level (Pilkey and Harriss, 1966; Bourget, 1974). 
Significant inter-specimen differences in shell composition across different localities 
have additionally been identified as fingerprinting tool to locate harvest points of edible 
goose barnacles (Albuquerque et al., 2016). Despite such encouraging studies, not much 
is known about the chemical composition of barnacle shell material, and compilations of 
barnacle shell chemistry rely on very few samples (Chave, 1954; Dodd, 1967). 
From the few available data it has been noted that barnacle shell calcite is dissimilar 
from most commonly studied biogenic calcite as its very high Sr concentrations mean it 
plots off a proposed correlation line of Sr versus Mg content (Carpenter and Lohmann, 
1992). Whether barnacles carry any species-specific element signatures and whether 
there are differences in element concentrations in their shell plates has, however, not 
been comprehensively addressed (but see Iglikowska et al., 2018a). 
Here we present δ13C and δ18O values as well as Mg/Ca, Sr/Ca, Mn/Ca and Fe/Ca ratios 
of 42 modern barnacle species of the Lepadiformes, Scalpelliformes, Verruciformes and 
Balaniformes (see Pérez-Losada et al., 2008 for taxonomic scheme), constituting the 
first large survey of shell geochemistry in cirripedes. These analyses are complemented 
by XRD analyses of 27 specimens to confirm the calcitic nature of the shell material. We 
compare the geochemical signatures of the shells with environmental parameters and 
evaluate taxonomic trends in shell composition. Furthermore, we investigate intra-shell 
chemical variability to address overall compositional heterogeneity and plate-specific 
chemical fingerprints.   
  
2. Materials and Methods 
Specimens from 47 sites, comprising 42 cirripede species of the Balaniformes, 
Lepadiformes, Scalpelliformes and Verruciformes (Fig. 1) from personal and museum 
collections, were analysed (Table 1, Supplementary Figure 1). Often only one specimen 
or part of one specimen was available for analysis, but in 15 cases several or multiple 
specimens from one locality could be studied (Table 1). Most of the specimens were 
preserved in alcohol, but specimens of samples 1, 3, 5, 16, 28, 36, 38, 39 and 46 were 
stored dried. Collection dates range from the 18th century to 2014. No effect of sample 
storage and specimen age has been observed in isotopic or element data. The samples 
cover a wide range of latitudes (75°N to 45°S; Fig. 2) and water depths from the 
intertidal zone to deep marine settings of approx. 2,600m water depth. 
All specimens were transferred into separate beakers and reacted with 5 % NaClO for at 
least 24 h to remove organic matter. The specimens were then rinsed multiple times 
with de-ionized water and residual organic matter was removed with stainless steel 
scalpel and tweezer. The cleaned shell plates were left to dry at room temperature. 
Samples for geochemical analyses were taken using a handheld drill with a drill bit of ca. 
1 mm diameter or, where shell plates weighed 5 mg or less, by powdering entire shell 
plates with an agate pestle and mortar. Between 0.4 and 10 mg of powder per sample 
(usually 1 to 3 mg) were prepared and split into subsamples for isotope and element 
analysis. Typically ten δ13C and δ18O analyses per specimen were conducted (473 
analyses in total), alongside 10 to 40 analyses of Mg/Ca, Sr/Ca, Mn/Ca and Fe/Ca ratios 
(1138 analyses in total; Supplementary Table 1). 
 
2.1 Carbon and oxygen isotope ratio measurements 
Isotope analyses were carried out at the Department of Geosciences and Natural 
Resource Management (IGN), University of Copenhagen. Samples 858-2045 
(Supplementary Table 1) were analysed using a Delta V gas source isotope ratio mass 
spectrometer coupled with a Kiel IV device; and samples 2046-2681 (Supplementary 
Table 1) using an IsoPrime in continuous flow configuration. 
Analyses using the Delta V were undertaken using ca. 50 µg of calcite powder. Batches 
of 40 vials, 30 samples and 10 standards comprising NBS-18, NBS-19 and an in-house 
  
standard (LM: Laaser Marble, Freie Universität Berlin, δ13C = +1.51 ‰ V-PDB, δ18O = -
5.17 ‰ V-PDB), were measured. The accuracy of the runs was checked by multiple 
measurements of these standards. No isotopic adjustments of the raw data were made 
as analytical results of NBS-18 (n=19), NBS-19 (n=20) and LM (n=28) conformed to 
certified or accepted values within measurement uncertainty. Reproducibility of 
multiple standard measurements was better than 0.07 ‰ (2 sd) for carbon isotope 
ratios for all standards, better than 0.15 ‰ (2 sd) for oxygen for NBS-19 and LM and 
0.20 ‰ for NBS-18, which is known to be isotopically heterogeneous at the analysed 
weight scale (Ishimura et al., 2008). 
For analyses using the IsoPrime, typically around 500 µg of calcite were measured. 
Samples were placed in sealed glass vials, flushed with He and reacted with ca. 50 µl of 
nominally anhydrous H3PO4 (~ 102 %). Weight-dependent mass discrimination was 
corrected by multiple analyses of the in-house standard LEO (Carrara Marble, δ13C = 
+1.96 ‰ V-PDB, δ18O = -1.93 ‰ V-PDB) covering the entire weight range of samples. 
The accuracy of the analyses was controlled by periodic analysis of international 
standards (see Ullmann et al., 2013a). Reproducibility was checked by multiple 
measurements of LEO in every run (n = 182) and was 0.08 ‰ (2 sd) for carbon and 
0.17 ‰ (2 sd) for oxygen isotope ratios over the course of the measurements. 
 
2.2 Element/Ca ratio measurements 
Element/Ca ratios were measured using a Perkin Elmer Optima 7000 DV ICP OES at 
IGN, University of Copenhagen. Typically ca. 500 µg of calcite powder were dissolved at 
a ratio of 1.5 ml of 2 % HNO3 per 100 µg of calcite powder to achieve a Ca concentration 
of ca. 25 µg/g. Batches of 120 samples were run together with 12 interspersed samples 
of JLs-1 (Imai et al., 1996) for control of accuracy and precision. Signal quantification 
was done using a four-point calibration with a blank solution, and three synthetic, 
matrix-matched solutions made up from single-element solutions. Average measured 
ratios of JLs-1 (2 sd, n = 235) are 14.0 ± 0.4 mmol/mol for Mg/Ca, 0.35 ±0.01 mmol/mol 
for Sr/Ca, 0.03 ±0.01 mmol/mol for Mn/Ca, and 0.07 ±0.05 mmol/mol for Fe/Ca. Large 
relative uncertainty of the Mn/Ca and Fe/Ca analyses of JLs-1 is related to low Mn and 
Fe concentrations in this standard. The concentrations are near the limit of 
  
quantification for the method which are 0.01 mmol/mol for Mn and 0.05 mmol/mol for 
Fe. 
 
2.3 XRD analysis 
For XRD analysis at the University of Greenwich, shell plates were ground to a powder 
in a Tema mill (using industrial methylated spirits to minimise structural grinding 
damage). A few drops of the resulting slurry were allowed to dry on a silicon wafer. The 
powders were scanned on a Siemens PSD X-ray diffractometer using Ni-filtered Cu (Kα) 
radiation with a 0.02° step width, and 0.2 mm slits, from 5 to 70° 2ϑ. The data have been 
quantified using Macdiff 4.26 (http://www.geol-pal.uni-
frankfurt.de/Staff/Homepages/Petschick/MacDiff/MacDiffInfoE.html) to deconvolute 
and measure peak areas. 
 
2.4. High-resolution analysis of Capitulum mitella 
The carina of the specimen of Capitulum mitella was set in a circular resin block of 25 
mm diameter, glued to a glass slide, cut and polished to expose a section perpendicular 
to the growth increments at the maximum thickness of the plate. 
 
2.4.1 Cathodoluminescence microscopy 
The section was studied using a cathodoluminescence (CL) microscope with a Citl Mk-
3a electron source at the University of Exeter, Camborne School of Mines. Operation 
conditions were approximately 350 μA and 18 kV. Photographs were taken using a 
Nikon digital camera with 4 second exposure time. A CL map of the entire section was 
made using a 2.5x magnification objective and a high-resolution trace approximately 
parallel to the growth direction was photographed using a 10x magnification objective 
yielding a nominal resolution of 0.32 µm per pixel. For the high-resolution trace, six 
images of the same frame were taken. The acquired RGB data were reduced to grayscale 
and all images combined by signal addition into a single file using image editing 
software to enhance the signal to noise ratio. Single frames were then overlaid and 
blended into a single image and the grayscale levels adjusted to yield the full spread 
  
from black to white without saturation. In the resulting CL mosaic, a series of eight 
bands of 10 pixel thickness and lengths from 2290 to 11075 pixels were defined 
perpendicular to the growth increments of the shell plate. These bands were then 
cropped from the merged profile and grayscale information extracted using the Profile 
function of ImageJ software. Grayscale data for single bands were then merged into a 
single trace using distinct marker bands in overlapping areas. Where necessary, offsets 
in grayscale values, due to lateral offsets in the band position, were smoothed over a 
range of 100 µm around the marker band that defined the correlation point for the 
profiles. The resulting stacked profile corresponds to approximately 14.3 mm and 
44790 points. 
 
2.4.2 Scanning electron microscopy and EDS scans 
An electron dispersive X-ray map of relative Mg concentration in a ca. 850 x 850 µm 
frame with nominal resolution of 0.78 µm per pixel was generated for the same 
specimen using a FEI Field Emission Gun Scanning Electron Microscope at the 
University of Exeter, Environment and Sustainability Institute. Data were quantified 
using a double EDS detector setup for ca. 16 h in continuous scanning mode at 10 kV 
and a working distance of 12.9 mm. Line scans of ca. 800 µm long segments 
perpendicular to the growth increments through the entire section quantifying Ca (Kα) 
and Mg (K) were acquired with a nominal resolution of 1 µm per step. Integration time 
per pixel reading was set to 32 milliseconds and the line repeatedly scanned until 
cumulative integration times of 5 seconds per pixel were reached. Raw count rates were 
converted into count ratios of Mg/Ca to account for lateral signal variation and resulting 
traces overlaid and merged into a consecutive trace through the shell plate. Working 
distance, acceleration voltage and magnification were the same as for the element 
mapping. Secondary electron images at 400 nm per pixel resolution (850 µm x 850 µm 
frame size, 4.5 to 9 min integration time) were acquired for each line scan covering the 
entire trace to aid the correlation. The stack of 18 segments corresponds to c. 13.6 mm 
length, and was measured close to, but not exactly coincident with the CL trace.  
  
3. Results 
Calcite was the only carbonate polymorph detected during XRD analyses of the barnacle 
specimens (Supplementary Figure 2). Geochemical and isotopic effects potentially 
arising from other carbonate polymorphs, in particular aragonite (Bourget, 1987), are 
therefore not considered in the following. 
 
3.1 Mg/Ca and Sr/Ca ratios 
A wide range of Mg/Ca ratios of 4.0 to 132 mmol/mol is encountered in the analysed 
barnacle species (Supplementary table 1). The vast majority of the samples can be 
classified as Low Mg Calcite (LMC) with 95 % of the measured Mg/Ca ratios below 50 
mmol/mol. Only the scalpelliform barnacle Capitulum mitella shows Mg/Ca ratios 
consistently in the field of high Mg calcite (HMC) (Figure 3; Supplementary table 1). 
Interquartile (25 to 75 %) ranges of Mg/Ca vary between 5 % (Scalpellum stearnsi) and 
72 % (Chelonibia sp.), but typically 10-30 % around the median value. Variability of the 
Mg/Ca ratios is, on average, larger in balaniform barnacles than in lepadiform, 
scalpelliform and verruciform barnacles. Median Mg/Ca ratios of four species observed 
at several localities show considerable intra-species differences of 16 to 32 % (2 rsd). 
These differences are independent from distances between the localities. At single 
localities, however, Mg/Ca ratios of three Lepas anatifera specimens (UK) and wall 
plates of two Semibalanus balanoides specimens (Greenland) agree within 8 % (2 rsd). 
Sr/Ca ratios in the barnacle calcite range from 2.6 to 5.9 mmol/mol (Fig. 3), with 
median values of single species ranging from 2.7 to 5.2 mmol/mol. No clear correlation 
of Sr with Mg is noted (r2 = 0.09 for median values). Within single barnacle specimens 
from a given locality, Sr/Ca ratios are comparatively stable, with interquartile ranges 
varying between 1 % (Scalpellum stearnsi) and 15 % (Capitulum mitella), but typically 
4-10 % around the median value. Median Sr/Ca ratios of four species observed at 
several localities also show only small relative differences of 1 to 13 % (2 rsd), 
suggesting that median Sr/Ca ratios are robustly defined for the species presented here. 
No clear distinctions of Mg/Ca ratios or Sr/Ca ratios between different barnacle orders 
are observed (Fig. 3). 
  
 
3.2 Mn/Ca and Fe/Ca ratios 
A wide range of Mn/Ca (detection limit to 4.1 mmol/mol) and Fe/Ca ratios (detection 
limit to 6.2 mmol/mol) is observed, but most species show low Mn and Fe levels (Fig. 4). 
Only specimens from two species exhibit median Mn/Ca ratios > 1 mmol/mol 
(Semibalanus balanoides; Amphibalanus improvisus) and the median for all specimens is 
0.04 mmol/mol. Median Fe/Ca ratios above > 1 mmol/mol are also limited to two 
species (Scalpellum stearnsi, Amphibalanus amphitrite) and the median for all specimens 
is 0.05 mmol/mol. 
Specimens with substantial amounts of Mn and/or Fe in the shell material (Fig. 4) 
mostly stem from very near shore localities or man-made structures: S. balanoides 
(median Mn/Ca = 2.7 mmol/mol) from a harbour on the Danish island Rømø; A. 
improvisus (median Mn/Ca = 1.2 mmol/mol) from Central Copenhagen, Denmark; A. 
Amphitrite (median Fe/Ca = 1.8 mmol/mol) scraped off a vessel in Banjul, Gambia; S. 
stearnsi (median Fe/Ca = 1.1 mmol/mol) from Cape Nomamisaki, Japan. 
A species control on Mn or Fe concentrations in shell calcite is not apparent as Mn and 
Fe concentrations across multiple specimens of the same species typically differ by an 
order of magnitude. Multiple specimens of the same species at a given locality, however, 
show closely matching Mn/Ca and Fe/Ca ratios as observed in three specimens of Lepas 
anatifera from Dorset, UK (Supplementary table 1). 
 
3.3 High resolution element distribution in Capitulum mitella 
The consistently Mg-enriched nature of the calcite of Capitulum mitella means it is 
possible to study the high-resolution distribution of this element in its plates using 
electron beam techniques. Using Cathodoluminescence (CL) microscopy the Mg 
distribution pattern can furthermore be compared to qualitative Mn concentration 
maps at high spatial resolution. 
SEM mapping and line scans of Mg distribution in C. mitella visualize prominent 
differences in Mg content visible already using backscatter electron imaging (Figs 5,6). 
These strong fluctuations of Mg/Ca ratios from 0.13 to 0.45 cps/cps for large parts of 
the measured transect show clear peaks and troughs at a spacing of c. 5 to 15 µm 
  
(Supplementary Table 2). A rough conversion of raw Mg/Ca count rates from energy 
dispersive spectrometers into Mg/Ca ratios was attempted using the median Mg/Ca 
ratio from ICP-OES measurements and assuming a similar mean value for the line scans 
as well as a linear detector response (Fig. 6). If this approximation is reasonably 
accurate, C. mitella secretes calcite with Mg/Ca ratio changes of 20–70 mmol/mol across 
a distance of a few micrometres, oscillating from nearly LMC to HMC. 
CL mapping reveals a hierarchical banding structure in C. mitella (Fig. 5; Supplementary 
Table 3). This comprises a set of c. ten zones, starting with more luminescent bands 
separated by narrower, commonly quite prominent, zones of weak luminescence (Fig. 
5). A multitude of thin luminescent bands occurs within the broad zones. The distance 
between the small-scale luminescent bands is the same as the distance between Mg/Ca 
peaks; detailed matching of CL and Mg signals in the area for which the Mg map was 
generated indicates that Mg-rich bands correspond to luminescent bands, even though 
peak intensities are dissimilar in detail (Fig. 6A). In order to quantify the peak match, 
both signals were de-trended and normalized and peaks of the CL profile matched 
against the Mg/Ca profile. Mg/Ca peaks were assigned if the signal showed a spike of at 
least 1 standard deviation amplitude in the normalized curve. A robust match was 
assigned for a CL peak if a spike with at least 1 standard deviation amplitude peaking 
within 1 µm was found. A tentative match was assigned where the CL signal peaked 
within 2 µm of the Mg peak, or the amplitude of the peak was 0.5 to 1 standard 
deviations. Of the 69 peaks observed in the Mg/Ca profile, 42 (61 %) could be robustly 
matched and another 20 (29 %) tentatively matched, leading to only 7 (10 %) Mg peaks 
without CL match. 
 
3.4 δ13C and δ18O values 
δ13C values of the barnacle data set span a large range from -6.8 to +2.6 ‰ (Fig. 7). 
Typical interquartile ranges of δ13C values for the localities are 0.4 ‰, but at a few 
localities (Lepas anserifera, one specimen; Solidobalanus fallax, two specimens) a 
considerably larger interquartile spread of 1.5 and 3.0 ‰, respectively, is observed. 
Species with the lightest median δ13C values (Amphibalanus improvisus, -5.8 ‰; Dosima 
fascicularis, -4.3 ‰) are from very near-shore settings in central Copenhagen and 
Skagen, Denmark. Amongst the barnacle orders, the Lepadiformes have a tendency to 
  
lighter δ13C values (median = -1.7 ‰; 5 species) than scalpelliform barnacles (median = 
-0.5 ‰; 10 species) and balaniform barnacles (median = +0.4 ‰; 25 species). 
δ18O values of the entire data set range from -5.0 to +5.0 ‰ (Fig. 7). Typically, 
interquartile ranges of oxygen isotope ratios for single localities are smaller (0.2 ‰) 
than for carbon isotopes and exceed 1 ‰ only in a specimen of Striatobalanus amaryllis 
from the Persian Gulf. Species with the lightest δ18O values (Amphibalanus improvisus, 2 
localities, -4.6 and -3.6 ‰) come from reduced salinity environments in the Baltic Sea. 
Other specimens with median values < -2 ‰ (n = 4) were collected in tropical localities 
(Singapore, -2.8 ‰; Singapore, -2.6 ‰; Gambia, -2.5 ‰; Hong Kong, -2.1 ‰). 
Conversely, specimens with the heaviest median values either come from high latitudes 
(Balanus balanus, +4.4 ‰, ~78°N; Semibalanus balanoides, +2.1 ‰, ~65°N) or deep 
water settings (Metaverruca recta, +3.7 ‰, Rodrigues Ridge, 2,600 m; Eochionelasmus 
ohtai, +3.2 ‰, North Fiji Basin, 1,990 m; Neoscalpellum sp., +3.1 ‰, Porcupine 
Seabight, 484 m). 
No clear relation of δ13C with δ18O is apparent for the entire dataset (r2 = 0.06), where 
only A. improvisus from central Copenhagen shows median values substantially lower 
than -2 ‰ in both isotopic systems. Strong correlations (r2 > 0.6), however, are 
observed at several localities. Specimens of three of five lepadid species (D. exoleta, one 
specimen; D. fascicularis, one specimen; and L. pectinata, two specimens) show strong 
covariation of carbon and oxygen isotope ratios (r2 = 0.60, 0.64, 0.71) with positive 
slopes of δ18O = 0.3–0.4 * δ13C (Fig. 8). Strong covariation of these proxies are also noted 
in both studied representatives of Megabalanus (r2 = 0.62, 0.75) and in one of two 
specimens of Striatobalanus amaryllis (r2 = 0.46, 0.72). For both genera the slopes of 
these co-variations are opposite between the two specimens, however. Correlations of 
element proxies with isotope ratios for the entire data set are generally very weak (r2 < 
0.15). 
  
  
4. Discussion 
4.1 Sr vs Mg in biogenic calcite 
Since early assessments of Sr and Mg contents of biogenic aragonite and calcite (Odum, 
1951; Dodd, 1967), work on mapping the chemical composition of marine calcifying 
species has been mostly undertaken on single species. Such studies were predominantly 
concerned with developing new palaeoenvironmental proxies or gaining a better 
understanding of the biomineralisation process (e.g., Dodd, 1965; Bourget, 1974; Freitas 
et al., 2006). A general view is that biogenic calcite shows a broad positive correlation 
between Sr and Mg, and is enriched in Sr with respect to abiogenic calcite precipitates 
with a comparable Mg/Ca ratio (Carpenter and Lohmann, 1992). This assessment holds 
for the comparatively well-studied brachiopods, which cover a wide range of Mg/Ca 
ratios and reach maximum Sr/Ca ratios of ~3 mmol/mol in the high Mg calcite of 
craniid brachiopods (Fig. 9; Supplementary Table 4; see data in Brand et al., 2003). 
Biogenic LMC with Sr/Ca ratios of 1 to 2 mmol/mol is ubiquitous (Fig. 9), in good 
agreement with precipitation-rate dependent Sr distribution coefficients of 0.07-0.24 in 
abiogenic calcite at typical marine pH (Tang et al., 2008; DePaolo, 2011). From these 
distribution coefficients Sr/Ca ratios of 0.6 to 2.1 mmol/mol for calcite are predicted to 
precipitate from modern seawater. A considerably wider range of compositions is 
allowed if changes in pH are permitted (Tesoriero and Pankow, 1996; DePaolo, 2011), 
helping to explain the partly very low Sr concentrations observed in abiogenic marine 
calcite (Carpenter and Lohmann, 1992). Sr/Ca ratios consistently greater than 2 
mmol/mol in modern biogenic calcite are seldom observed, and a miscibility gap 
between SrCO3 and CaCO3 limits the amount of Sr that can be accommodated in the 
calcite crystal lattice. Even though experimental results on this miscibility gap below 
350°C and ambient pressure are missing (Carlson, 1980), the upper limit of Sr uptake 
has been proposed to be near Sr/Ca ratios of ca. 5 mmol/mol (Tesoriero and Pankow, 
1996). Crystal lattice distortions in biogenic calcite induced by the incorporation of 
organic macromolecules (Pokroy et al., 2006) may allow for even higher Sr/Ca ratios in 
shell calcite and explain the otherwise surprisingly high Sr/Ca ratios in arthropod 
calcite (Fig. 9). 
The Sr/Ca and Mg/Ca pattern of barnacle calcite stands in strong contrast to other 
biogenic, marine calcite. When incorporated into a comprehensive dataset of marine 
  
shell calcite the observed signatures of arthropod Sr/Ca are distinctly higher than other 
biogenic calcite at comparable Mg/Ca ratios (see also Carpenter and Lohmann, 1992). 
Despite the nearly exclusive secretion of LMC, barnacle calcite shows very high Sr 
concentrations indicating Sr distribution coefficients of 0.3 to 0.7. High Sr/Ca ratios are 
not uncommon for arthropods (e.g., decapods, Gibbs and Bryan, 1972), but barnacles 
differ from decapods by almost exclusively forming LMC rather than HMC. Sr and Mg 
signatures similar to cirripedes are observed for marine ostracodes (Fig. 9; Dwyer et al., 
2002). Very few species of marine ostracodes have, to date, been studied for their shell 
geochemistry, so the potential range of composition in this group is not yet well 
constrained. It has been hypothesized that the calcite secreted by crustaceans is 
particularly Sr-rich because of very high shell secretion rates in this group of animals 
(Carpenter and Lohmann, 1992). The result would be an arthropod-specific covariation 
of Sr and Mg concentrations at elevated Sr concentrations. However, organisms which 
secrete shell calcite much faster than barnacles have comparatively low Sr/Ca ratios. 
Oyster specimens studied by Ullmann et al. (2013b) for example reached heights of 17-
19 cm in four years but only have average Sr/Ca ratios of 0.81 mmol/mol. Bivalves in 
general, which on average exhibit much faster metabolic rates than brachiopods (Payne 
et al., 2014) and secrete shell calcite more rapidly, do not show any tendency to higher 
Sr/Ca ratios than brachiopods (Fig. 9). Furthermore, it has been shown experimentally 
(Gabitov et al., 2014) and observed in biogenic calcite (Ullmann and Pogge von 
Strandmann, 2017) that secretion rate-related effects on element uptake in biogenic 
calcite should lead to a negative correlation of Sr/Ca with Mg/Ca ratios. This negative 
correlation, however, is not observed as an overarching control on crustacean calcite 
composition (Fig. 9). These factors taken together rather suggest that shell secretion 
rate is not the primary driver for the Sr enrichment in cirripedes. 
Even though the causes, utility, and mechanisms of Sr enrichment in biogenic calcite 
remain poorly understood, the empirically constrained species-specific elemental 
fingerprints of biogenic calcite can nevertheless be utilized. In particular, the various 
specific combinations of Sr/Ca and Mg/Ca ratios in biogenic calcite may be highly 
beneficial to trace the chemical composition of seawater through time. Previously, a 
constant Sr distribution coefficient of 0.41 equating to a barnacle Sr/Ca ratio of 3.8 
mmol/mol was proposed for intertidal barnacles on the basis of data from four species 
(Bourget, 1974; Smith et al., 1988). The more comprehensive dataset assembled here 
  
for four cirripede orders suggests an average of 4.2 ± 0.2 mmol/mol (2 se, n = 47) which 
nearly coincides with the earlier estimate. When applied to single species, such an 
assumption of constant Sr/Ca is clearly an oversimplification (Fig. 9) and some minor, 
but significant differences in Sr/Ca and Mg/Ca have been identified between 
scalpelliform barnacles from various localities (Pollicipes pollicipes, Albuquerque et al., 
2016). Using taxonomically identified barnacle calcite, however, could still be valuable 
for seawater Sr/Ca reconstruction. Nevertheless, clear concerns for robust seawater 
element/Ca reconstruction include: complicated response of biomineral element/Ca to 
seawater element/Ca ratios (Segev and Erez, 2006), temperature (Dodd, 1965; Cléroux 
et al., 2008), growth rate (Gillikin et al., 2005; Ullmann and Pogge von Strandmann, 
2017), and diagenesis (Brand and Veizer, 1980; Al-Aasm and Veizer, 1986). If a variety 
of marine calcites shows consistent offsets and trends through time (e.g., Ullmann et al., 
2013c), confidence in the reconstruction of seawater composition, however, can be 
substantially improved. To this end, barnacles can become a useful additional archive 
because of the Sr-enriched LMC of their shell material. 
 
4.2 Mg/Ca heterogeneity in shell plates of barnacles 
4.2.1 Mg/Ca variability in single specimens 
For 12 species (15 sites; Supplementary Table 5) of balaniform cirripedes for which 
scuta, terga, and wall plates were available for analysis, a significant enrichment of Mg 
in scuta and terga over Mg/Ca in the wall plates is observed (Fig. 10). On average, 
Mg/Ca ratios of the scuta are 32 ± 6 % and Mg/Ca ratios of terga 41 ± 8 % (2 se) higher 
than Mg/Ca ratios in the wall plates and most species show slightly higher Mg/Ca ratios 
in terga than in scuta. A ca 60 % enrichment of Mg in scuta and terga (not distinguished) 
with respect to the wall plates has also been observed for the sessile barnacle Balanus 
balanus (Iglikowska et al., 2018a). In nine species of scalpelliform barnacles, no such 
enrichment of Mg is observed (Fig. 10, Supplementary Table 5). Here, scuta have 
97 ± 6 % and terga 98 ± 8 % (2 se) of the Mg content of other plates. Also in two species 
of Lepas (Lepadiformes) for which various plates could be measured, Mg/Ca ratios of 
scuta and terga coincide with those of other plates within uncertainty. For the two 
verruciform species studied here, neither scuta nor terga were available, so that their 
Mg incorporation behaviour could not be addressed. The strong Mg enrichment in the 
  
scuta and terga of Balaniformes does explain the observation of higher Mg variability in 
their shell material as compared to other barnacle orders (section 3.1). 
Mg-enriched parts of biogenic shells controlled by functional morphology are not 
restricted to the Balaniformes but are known from echinoderms (Davies et al., 1972; 
Busenberg and Plummer, 1989; Ries, 2011; Iglikowska et al., 2018b), brachiopods 
(Pérez-Huerta et al., 2008; Ullmann et al., 2017) and bivalves (Freitas et al., 2009). The 
consistency of the observed Mg enrichment in the scuta and terga of balaniform 
barnacles, however, is striking. The homology of shell plates in the Thoracica 
(encompassing all sessile and stalked barnacles) has been proposed (Pérez-Losada et 
al., 2008). It is intriguing in this context that a shared phylogenetic blueprint of the 
various shell plates does not seem to be mirrored in similar element concentration 
patterns across all barnacle species. A particular form of bioengineered calcite 
geochemistry for movable shell plates as opposed to the fixed wall plates in 
Balaniformes is an intriguing observation which warrants further study. 
 
4.2.2 Mg/Ca as a temperature proxy in barnacles? 
A direct relationship between temperature and Mg concentration in barnacle calcite has 
been proposed on the basis of a small set of specimens with mostly unknown taxonomic 
designation (Chave, 1954). A monospecific dataset of Tetraclita serrata from South 
Africa broadly confirmed such a relationship but pointed to a large uncertainty of any 
temperature calibration of barnacle Mg/Ca (Smith et al., 1988). Additionally, a strong 
Mg gradient within single shell plates was observed using electron probe microanalysis 
which was tentatively related to dissolution-precipitation reactions in the intertidal 
zone (Smith et al., 1988). A possible temperature effect on Mg uptake in barnacle calcite 
was also suggested for barnacles from the coast of Wales and Irish Sea (Bourget, 1974), 
but growth rate was deemed to be the dominant forcing on shell element/Ca ratios in 
that study. 
In the present dataset covering a wide range of species the lowest Mg/Ca ratios from 4–
12 mmol/mol occur in whale barnacles (Coronula diadema) collected in Greenland and 
the highest ratios of 65 to 105 mmol/mol in C. mitella from Hong Kong. These data are 
compatible with a temperature control on Mg/Ca. Phylogeny, however, seemingly 
  
exerts the prevalent control on skeletal Mg/Ca ratios: comparatively high Mg/Ca ratios 
are also observed in the cold water specimen of Metaverruca recta from ca. 2.6 km 
depth (31-65 mmol/mol) and lower ratios of 18 to 44 mmol/mol in Amphibalanus 
variegatus from the warm waters of Singapore. 
Nevertheless, the derivation of species-specific Mg/Ca thermometers might be possible: 
Specimens of Semibalanus balanoides from Greenland, Iceland and Denmark exhibit 
different Mg/Ca ratios across a gradient of annual average temperatures from ca. 2°C 
(Greenland) to 10°C (Denmark) (WOD13, Boyer et al., 2013). The Danish specimens 
experiencing the highest ambient temperatures and, as expected, show the highest 
Mg/Ca ratios in wall plates, scuta and terga (Fig. 11). The Mg/Ca ratios of the Greenland 
specimen that secreted its shell in the coldest water, however, are not consistently the 
lowest. The tight correlation of Mg/Ca data with temperature in the terga of S. 
balanoides is likely caused by a sampling effect. The terga of this species are relatively 
small, so that material extracted from them are more likely to constitute representative 
samples than material taken from the larger scuta and wall plates. 
An increase of Mg/Ca can also be read from data for Striatobalanus amaryllis from the 
Persian Gulf (ca. 25°C) and Singapore (ca. 29°C) (WOD13, Boyer et al., 2013), where S. 
amaryllis from Singapore shows on average 5 mmol/mol higher Mg/Ca ratios. These 
data suggest that a control of Mg/Ca in barnacles linked to changes in temperature may 
exist and could lead to the development of species-specific Mg/Ca thermometers (see 
also Bojar et al., 2018). The barnacle calcite, however, generally exhibits large 
heterogeneity in Mg/Ca ratios even in environments where seasonal temperature 
variability is much reduced. This heterogeneity implies that such a thermometer would 
only be useful in environments with reduced and variable salinity, where the oxygen 
isotope thermometer could not be employed or would be less precise (see also Smith et 
al., 1988). 
 
4.3 Mn/Ca and Fe/Ca in barnacle calcite 
Mn/Ca and Fe/Ca ratios in biogenic calcite are most commonly taken to address the 
preservation state of fossil materials. Both, Mn and Fe concentrations are typically very 
low in marine environments (Milne et al., 2010; Biller and Bruland, 2012), such that 
  
substantial enrichments in these elements in fossil shell materials are good indicators of 
diagenetic overprint (see Ullmann and Korte, 2015 for a review). In proximal shelf 
areas, however, Mn can be made available for biomineralisation through 
biogeochemical pathways (Vander Putten et al., 2000) and seasonal temperature and 
sediment redox variation (Morris, 1974; Freitas et al., 2006) or be a sign of disease 
(Almeida et al., 1998). 
In barnacles, dominant controls on shell Mn/Ca ratios, however, appear to be ambient 
water Mn concentrations (Gordon et al., 1970, see also Hockett et al., 1997) and possibly 
salinity (Pilkey and Harriss, 1966). Continental or anthropogenic Mn sources as in the 
case of Chesapeake Bay (Gordon et al., 1970) may thus leave a strong imprint on 
barnacle calcite, particularly in species living close to such sources in intertidal 
environments. Also, barnacles appear to have a much stronger affinity for incorporation 
of Mn into their shells than other sessile calcifiers like oysters (Pilkey and Harriss, 
1966), possibly related to growth rate or organic matter associated with shell calcite 
(Bourget, 1974). Similar controls can be envisioned for the incorporation of Fe into 
barnacle calcite. 
The absolute levels of Mn and Fe in barnacle shell material may thus be first and 
foremost an indication of habitat and even Mn/Ca and Fe/Ca ratios > 4 mmol/mol 
(Supplementary Table 1; Fig. 4; Pilkey and Harriss, 1966) can be reached in primary 
calcite. When employing Mn and Fe as preservation markers for fossil barnacles, it is 
therefore of importance to check for other known elemental and isotopic co-variations 
produced by diagenesis, as well as assessing the spatial distribution of Mn and Fe. 
 
4.4 Tidal control on element distribution in Capitulum mitella? 
Growth functions of C. mitella (Nakamura and Tanaka, 1995) and decreasing 
thicknesses of the ten broader zones delineated by CL in the investigated carina of this 
species (Figs 5,6; Table 2) suggest that these are the expression of annual cycles of shell 
secretion. The exact sample locality and data for the specimen of C. mitella is unknown – 
it was sampled in the intertidal zone in Hong Kong in the early 20th century (Table 1). 
This lack of exact provenance data and the complicated tidal regime in the Pearl River 
estuary (Mao et al., 2004) make exact reconstructions of environmental parameters at 
  
the life time of the barnacle impossible. Increased discharge of Mn in the Pearl River in 
the spring, however, could explain the more prominent luminescent bands at the 
beginning of an annual zone which are then followed by bands that are overall less 
luminescent. Alternatively, Mn enrichments could be associated with increased amounts 
of intracrystalline organic matter (Bourget, 1974), which may occur as part of the 
animal’s seasonal growth cycle. 
Durations of 1.3 to 1.8 days have been proposed for the formation of growth ridges on 
plates of Balanus amphitrite (Clare et al., 1994), features which are controlled by the 
molting cycle (Chave, 1984). For internal banding, however, a strong control on 
immersion time and the tidal cycle have been observed in Semibalanus balanoides 
(Bourget and Crisp, 1975) and Elminius modestus (Crisp and Richardson, 1975). The 
average thickness of the thin luminescent bands in C. mitella is similar to these 
examples and suggests that the bands may be related to the tidal cycle. 
Distances between intensity peaks are usually 5 to 15 µm in the juvenile and early adult 
part in C. mitella, where the broader, possibly annual zones are 2-3 mm thick (Fig. 5; 
Table 2; Supplementary Tables 2,3). Regions with indistinct bands, complicated peak 
shapes and high-frequency oscillations preclude an exact assessment of the number of 
bands within a single zone. The average distance between CL peaks, however, makes it 
possible that the number of bundles of luminescent and non-luminescent calcite within 
a zone is controlled by daily or tidal cycles. Considering the intertidal habitat of C. 
mitella it is probable that the tidal cycle exerts a prominent control on the barnacle 
metabolism, even though this hypothesis requires further testing. If tides are indeed the 
main drivers of growth bands in C. mitella, the less luminescent bands may be formed 
during immersion at high tides, whereas more Mn-enriched calcite is formed when 
restricted tidal pools develop at low tides and barnacles close their shell plates until 
immersion re-occurs (Craven et al., 2008). 
The extraordinary control on both Mn and Mg incorporation, the comparative ease with 
which both these parameters can be measured in C. mitella, as well as the comparative 
longevity of C. mitella could make this species a very important archive for 
reconstructing continental runoff and tidal dynamics in recent and fossil settings. 
Collection and study of modern C. mitella from well constrained sites will be important 
to verify these hypotheses. 
  
 
4.5 C and O isotopes in barnacle calcite 
4.5.1 Oxygen isotope thermometry 
4.5.1.1 18O enrichment in barnacles 
A precise, barnacle-specific oxygen isotope thermometer is available over a wide range 
of temperatures (ca. -2 to +26°C, Killingley and Newman, 1982). This thermometer is 
based on oxygen isotope ratios in the calcite shells of a variety of barnacle species and 
predicts considerably higher temperatures for a given shell δ18O value than other 
common oxygen isotope thermometers. For example, the offset from the Epstein et al. 
(1953) equation is between 2.7°C at the low end and 5.7°C at the high end of the 
calibrated temperature range, suggesting that barnacles secrete their shells with 
increased oxygen isotope fractionation factor, i.e. preferentially incorporating the heavy 
oxygen isotopes. A series of studies on barnacle calcite have indirectly or directly 
commented on this surprising finding, which has been related to poorly understood 
disequilibrium incorporation of oxygen isotopes into shell calcite (McConnaughey, 
1989a): 
At one extreme, 18O enrichment even beyond the Killingley and Newman (1982) 
barnacle thermometer has been proposed for the green sea turtle barnacle Platylepas by 
comparison of predicted and observed δ18O values in barnacle shells on turtles in the 
Palmyra Atoll National Wildlife Refuge (Detjen et al., 2015). At the other extreme, the 
Killingley and Newman (1982) thermometer has been rejected for the cold-water 
barnacle Bathylasma corolliforme from the McMurdo Ice Shelf, Antarctica (Burgess et al., 
2010). Burgess et al. (2010) found the same δ18O values as Killingley and Newman 
(1982) who studied the same species at a site within a few kilometres and the same 
oceanographic conditions. However, in the absence of seawater oxygen isotope data at 
the time, Killingley and Newman (1982) argued that a +1.0 ‰ offset of B. corolliforme 
from the gastropod Limatula at the same locality confirmed their thermometer. 
Conversely, Burgess et al., (2010), relying on measurements of Ross Sea water and a 
proposed general model of water circulation at the Ice Shelf (Jacobs et al., 1985), argued 
for isotopically comparatively heavy sub-ice seawater. These seawater isotope ratios in 
  
turn led to estimated barnacle oxygen isotope fractionation factors in close agreement 
with mollusc, foraminifer and abiogenic calcite (Burgess et al., 2010). 
Most commonly, however, it is stated that barnacle calcite is comparatively rich in 18O 
(Newman and Killingley, 1985; Smith et al., 1988; Craven et al., 2008), particularly when 
compared against mollusc carbonate from the same sites (Killingley and Newman, 
1982; Brand et al., 1987). It thus appears that barnacles have a tendency to secrete 
comparatively 18O-rich shell calcite. 
Somewhat uncertain provenance, water composition and annual temperature ranges at 
the sites of collection for the present dataset preclude a meaningful discussion of minor 
deviations of calcite-water oxygen isotope fractionation factors. No bias towards heavy 
oxygen isotope ratios, however, is required to explain observed values in deep marine 
barnacle for which strong fresh water input as a potential bias of shell δ18O can be 
excluded: Using a deep sea water δ18O estimate of -0.1 ‰ SMOW (Bigg and Rohling, 
2000) and the Killingley and Newman (1982) isotope thermometer for Metaverruca 
recta, a δ18O value of +4.9 ‰ would be expected from temperatures of +2°C at the 
approximate sample position (WOD13, Boyer et al., 2013). A much less positive range of 
values of +3.3 to +3.8 ‰ is observed, however, which is much more compatible with 
commonly employed thermometers of Epstein et al. (1953) as well as Anderson and 
Arthur (1983). The same conclusions can be drawn for Eochionelasmus ohtai from the 
North Fiji Trench, for which an expected δ18O value of +4.9 ‰ stands in contrast to 
observed values between +3.1 to +3.5 ‰. 
Despite the uncertain absolute oxygen isotope fractionation factor for barnacles, a 
strong temperature dependence on δ18O in their calcite is evident (e.g., Killingley and 
Newman, 1982). Reconstructions of relative temperature changes from barnacle shells 
are therefore possible where other complicating factors such as variable δ18O of 
ambient water are negligible. 
 
4.5.1.2 Mg-effect on oxygen isotope fractionation factor 
A systematic increase of oxygen isotope fractionation factors in calcite with increasing 
Mg substitution of the Ca site has been found (Tarutani et al., 1969; Jiménez-López et al., 
2004). Proposed magnitudes of these effects are +0.06 ‰ per mol% MgCO3 (Tarutani et 
  
al., 1969) or +0.17 ± 0.02 ‰ (Jiménez-López et al., 2004). The latter was adopted for an 
empirical calibration of brachiopod data (Brand et al., 2013). The median Mg/Ca ratio of 
25 mmol/mol (interquartile range of 19-31 mmol/mol) for the entire barnacle dataset 
equates to approximately 2.5 (~1.9-3.1) mol% MgCO3 (discounting a small offset due to 
the presence of other impurities such as SrCO3 etc.). Adopting the recent estimate of the 
Mg effect on oxygen isotope fractionation, barnacle calcite may thus be enriched in 18O 
by 0.43 (0.32-0.53) ‰ with respect to pure calcite. Calcite oxygen isotope 
thermometers are usually calibrated on materials with low Mg/Ca ratios such as pure 
calcite (O’Neil et al., 1969; Kim and O’Neil, 1997) or foraminifera (Shackleton, 1974; 
Erez and Luz, 1982). The generally higher Mg/Ca ratios of barnacles may therefore 
account for some of the proposed 1.3 ‰ offset (Killingley and Newman, 1982), but the 
magnitude of the correction is insufficient to reconcile the available oxygen isotope 
thermometers. Other effects such as pH of fluids at the site of shell secretion (e.g., 
Dietzel et al., 2009), or biological control on the oxygen isotope equilibration time and 
carbonate precipitation mechanism (Taubner et al., 2012 and references therein) would 
have to be invoked to explain remaining discrepancies in the oxygen isotope 
thermometers. 
 
4.5.2 Vital effects on C and O isotope ratios in barnacles 
Reports of carbon isotope ratios in barnacles have so far been restricted to balaniform 
barnacles and values have mostly been interpreted to be compatible with equilibrium 
shell formation (Brand et al., 1987). Minor deviations (< 1 ‰) towards more negative 
values have been related to reduced immersion time and to increased aperture 
diameter (Craven et al., 2008). Large contributions of metabolized carbon to tissues and 
shell of Balanus spp. have previously been reported (Tanaka et al., 1986). Amongst the 
taxa studied by Tanaka et al. (1986), the barnacle specimen, however, showed the 
lowest calculated contribution of metabolized organic carbon whose overall 
contribution was later revised towards much lower values (McConnaughey et al., 1997). 
While δ13C values in barnacle calcite are generally somewhat lower than expected from 
local DIC composition (Fig. 7; Emrich et al., 1970; Tagliabue and Bopp, 2008), these 
deviations are not major, further supporting the small contribution of metabolized 
carbon to the shell calcite. 
  
Balaniform, verruciform and scalpelliform barnacles studied here show no clear 
evidence of kinetic isotope effects sensu McConnaughey (1989a,b). Three of five lepadid 
species, however, exhibit strong positive co-variation of δ13C values with δ18O values 
and 13C and 18O depleted calcite with the typically observed stronger depletion of the 
heavy carbon isotopes (Wefer and Berger, 1991; Carpenter and Lohmann, 1995). D. 
fascicularis specimens which showed the strongest depletion of 13C amongst the 
lepadids were sampled as part of a barnacle mass occurrence that left numerous 
individuals stranded on beaches in Northern Jutland (Denmark). Kinetic isotope 
fractionation induced by accelerated growth rate leading to a depletion of the heavy 
isotopes in these specimens would thus not be surprising. 
  
  
Conclusions 
The present dataset constitutes the first large survey of barnacle shell geochemistry, 
confirming and refining known patterns of element/Ca as well as C and O isotope ratios 
in barnacle calcite and pointing to their potential use as proxies for 
palaeoenvironmental conditions. 
Barnacles generally secrete low-Mg-calcite with very high Sr/Ca ratios, but also some 
cases of high-Mg-calcite, in particular Capitulum mitella, are observed where Sr/Ca 
ratios are equally high. The Mg-enriched nature of C. mitella, intertidal habitat, and clear 
banding pattern in the shell make it a potential archive for reconstructing the tides, 
seasonality and terrestrial element fluxes into shallow marine environments from fossil 
representatives of this species. 
A possible temperature control on Mg/Ca ratios in barnacles is confirmed, but 
heterogeneity of shell material and species-specific Mg distribution coefficients 
complicate the derivation of robust Mg thermometers for barnacles. Barnacle Mg 
thermometry may nevertheless be useful in estuarine and near-shore environments, 
where δ18O values of ambient water may be highly variable. 
Barnacles from very near-shore localities and those attached to manmade structures 
can incorporate very high amounts of Mn and Fe into their shell calcite (Mn/Ca and 
Fe/Ca > 4 mmol/mol) which has to be considered when studying fossil barnacles. 
Balaniform barnacles exhibit a strong Mg enrichment in their scuta and terga over other 
shell plates (32 ± 6 and 41 ± 8 %), a geochemical pattern which is not observed in other 
barnacle orders. 
No clear indication for strong disequilibrium isotope incorporation has been detected in 
balaniform, verruciform and scalpelliform barnacles permitting their use for 
reconstructions of palaeotemperatures, or at least relative temperature changes.The 
majority of lepadiform barnacles, however, appear to preferentially incorporate the 
light carbon and oxygen isotopes into their shell calcite. 
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Figure captions 
 
Figure1: Plate arrangements and general morphology of the four studied barnacle 
groups. Drawings are in right lateral view for Verruciformes, plan view for 
Balaniformes, left lateral view for Lepadiformes, and right lateral view for 
Scalpelliformes. All shown plates other than scuta and terga are considered as “wall 
plates” for the purpose of this study. 
 
Figure 2: Sample localities for the species studied here. White squares: Lepadiformes; 
black diamonds: Scalpelliformes; gray circles: Balaniformes; light gray ellipses: 
Verruciformes. Positions on the map are approximations, unless exact collection point is 
known (conf. Table 1). 
 
Fig. 3: Sr/Ca and Mg/Ca ratios measured for the barnacles from 47 localities (see also 
Supplementary Table 1).  
 
Fig. 4: Mn/Ca and Fe/Ca ratios in investigated barnacle species. Specimens for which 
either ratio surpasses 1 mmol/mol in multiple instances are marked. Samples with 
element/Ca ratios below detection limit are not shown (Mn/Ca: 299 samples, 26 % of 
the total; Fe/Ca: 544 samples, 48 % of the total). 
 
Fig. 5: CL, energy dispersive spectrometry (EDS) and backscatter electron (BE) images 
of carina of C. mitella. A: Mosaic of CL images with tentative positions of boundaries 
between ten zones defined by a thicker, luminescent and thinner, weakly luminescent 
band. These zones are interpreted to represent annual growth patterns. The growth 
direction is to the right. B: Same mosaic with white square indicating the position of 
SEM-based Mg map and SE image (to the right). C: Same mosaic with overlay of SE 
images and traces where Mg/Ca ratios were analysed using SEM-based EDS. Traces of 
the high resolution profiles are indicated as white lines on these maps. D: Same mosaic 
  
with overlay of high-resolution CL images and traces for which CL intensity was 
quantified. 
 
Fig. 6: High resolution Mg/Ca and CL patterns in specimen of Capitulum mitella. A) 
Mg/Ca (green curve) and CL intensity (black curve) along a ca. 750 µm long transect 
through a C. mitella carina. Tentative quantification of raw Mg/Ca ratios is based on an 
assumed average Mg/Ca ratio of 88 ± 6 mmol/mol (2 se, n = 25) in this species. B) 
Detrended, normalized data from a and peak matching results for the high resolution 
transect. Black circles indicate a robust match, grey circles a tentative match and white 
circles a mismatch of the peaks in the two transects (see section 3.3 for further 
information). C) SEM-based BE image (top), Mg map (middle), as well as CL image 
(bottom) for this transect are shown in the bottom part of the figure. The growth 
direction is to the right.  
 
Fig. 7: Oxygen and carbon isotope ratios measured for the barnacles from 47 localities. 
Samples from fresh water-influenced areas and warm water habitats generally show 
low δ18O values and samples from deep water and high latitude environments high δ18O 
values. 
 
Fig. 8: Cross plot of oxygen and carbon isotope ratios in calcite of Lepadiformes. Strong 
positive correlations are observed in representatives of three of five investigated 
species indicating isotopic disequilibrium of variable magnitude during shell formation. 
 
Fig. 9: Average Mg/Ca and Sr/Ca ratios for barnacle species analysed here as well as 
Sr/Ca and Mg/Ca ratio averages for other calcite secreting species taken from the 
literature (Almeida et al., 1998; Brand et al., 2003; Carpenter & Lohmann, 1992; Cronin 
et al., 1996; De Dekker et al., 1999; Delaney et al., 1985; Freitas et al., 2005,2006; Gibbs 
& Bryan, 1972; Hermans et al., 2010; Iglikowska et al., 2018b; Klein et al., 1996; Pilkey & 
Hower, 1960; Rathburn & DeDekker, 1997; Schopf & Manheim, 1967; Vann et al., 2004; 
Supplementary Table 4). Brachiopods marked with “t” belong to the Thecideida and the 
  
species marked with “c” is a craniid brachiopod. Tentative trends of biotic and abiotic 
calcite from Carpenter and Lohmann (1992) are also shown. 
 
Fig. 10: Enrichment factors of Mg in scuta and terga of the investigated barnacle species 
(see also Supplementary Table 5). Small symbols represent individual species and 
larger symbols the averages for Balaniformes and Scalpelliformes. Mg in scuta and terga 
of balaniform barnacles is significantly enriched with respect to Mg in wall plates. For 
individual species, error bars are 2 se (standard error) of the analytical results. For the 
pooled data for Balaniformes and Scalpelliformes, error bars indicate 2 se of the species 
averages. No data for verruciform barnacles is available. 
 
Fig. 11: Mg/Ca ratios in Semibalanus balanoides and Striatobalanus amaryllis from 
various localities. A broadly positive correlation of Mg/Ca ratios with temperature is 
observed for both species. Large symbols designate average value for shell plate type 
for each sample location. 
  
  
Table captions 
 
Table 1: Taxonomic and locality information as well as number of analysed specimens 
for studied barnacles (see also supplementary figure 1). Samples for which XRD data 
were acquired are marked with a “y”. Latitudes and longitudes are approximated from 
locality description where possible. 
 
 
Table 2: Positions of boundaries between zones delineated by cathodoluminescence in 
carina of Capitulum mitella.. 
  
  
Supplements 
 
Supplementary Figure 1: Photographs of all studied barnacle samples before treatment 
with bleach. Numbers correspond to those given in Table 1. Where applicable, a second 
panel (B) showing the numbers given to the studied plates or sample positions on a 
shell plate are added. Numbers and letters given on these panels correspond to plate 
numbers given in Supplementary Table 1. Approximate position of high resolution 
profile for C. mitella is indicated with red line in panels 8A and 8B. 
 
Supplementary Figure 2: XRD spectrum for Scalpellum stearnsi, confirming that the only 
detectable carbonate polymorph in the shell is calcite. 
 
Supplementary Table 1: Geochemical data for all studied samples. 
 
Supplementary Table 2: Raw count rates for calcium and magnesium as well as Mg/Ca 
ratios for stacked Mg/Ca profile for carina of Capitulum mitella (sample 8, Table 1) 
measured using SEM based energy dispersive spectrometry. 
 
Supplementary Table 3: Grayscale information for stacked cathodoluminescence profile 
for carina of Capitulum mitella (Sample 8, Table 1). 
 
Supplementary Table 4: Average Mg/Ca and Sr/Ca ratios of shell calcite secreted by 
various marine species.  
 
Supplementary Table 5: Magnesium concentration and variability in wall plates, scuta 
and terga of balaniform, scalpelliform and lepadiform barnacles. Sample numbers 
correspond to numbers in Table 1. 
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Num
ber 
Species 
name 
Order Locality specim
ens 
XR
D 
Latitu
de 
Longit
ude 
Water 
depth 
Collect
ion 
year 
1 Dosima 
exoleta 
Lepadifor
mes 
Donegal, 
Ireland, 
pelagic - 
washed 
ashore 
1 y 54°37
' N 
8°10' 
W 
  2008 
2 Dosima 
fascicularis 
Lepadifor
mes 
Gammel 
Skagen 
beach; N 
Jutland, 
Denmark 
1   57°53
' N 
10°31' 
E 
  2012 
3 Lepas 
anatifera 
Lepadifor
mes 
Dorset, 
UK 
3 y 50°N 2°W floatin
g 
wood 
2010 
4 Lepas 
anserifera 
Lepadifor
mes 
scraped 
off ship 
keel in 
Sydney, 
Australia 
1         1951 
5 Lepas 
pectinata 
Lepadifor
mes 
Paphos, 
Cyprus, 
attached 
to drift 
wood 
2 y 34°50
' N 
32°20' 
E 
floatin
g 
wood 
2014 
6 Calantica 
spinosa 
Scalpellifo
rmes 
New 
Zealand 
1 y     interti
dal 
  
7 Calantica 
villosa 
Scalpellifo
rmes 
New 
Zealand 
1 y     interti
dal 
  
8 Capitulum 
mitella 
Scalpellifo
rmes 
Hong 
Kong, 
attached 
to wood 
1 y 22°N 114°E interti
dal 
  
9 Pollicipes 
polymerus 
Scalpellifo
rmes 
Spain, W 
coast 
1 y 42°N 9°W interti
dal 
1995 
10 Amigdoscalp
ellum sp. 
Scalpellifo
rmes 
Arabian 
Sea 
1 y     1108   
11 Amigdoscalp
ellum 
rigidum 
Scalpellifo
rmes 
Porcupin
e Bight 
1 y     2750   
12 Arcoscalpell
um sociabile 
Scalpellifo
rmes 
Cape 
Nomamis
aki, Japan 
1 y 31°N 130°E 220   
13 Neoscalpellu
m sp. 
Scalpellifo
rmes 
Porcupin
e Bight 
1 y     484   
14 Scalpellum 
scalpellum 
Scalpellifo
rmes 
North Sea 1 y     subtid
al 
  
15 Scalpellum 
stearnsi 
Scalpellifo
rmes 
Cape 
Nomamis
aki, Japan 
1 y 31°N 130°E 220   
16 Solidobalanu
s falax 
Balaniform
es 
Devon, 
UK 
2 y 50°N 3°W 10   
17 Striatobalan
us amaryllis 
Balaniform
es 
Persian 
Gulf, 6 
sea miles 
1   26°20 
N 
50°45' 
E 
20 1938 
  
NE of 
Bahrain 
18 Striatobalan
us amaryllis 
Balaniform
es 
Singapore
, shallow 
water 
1   1°10' 
N 
103°50' 
E 
  1910 
19 Semibalanus 
balanoides 
Balaniform
es 
Havneby 
Havn, 
Rømø, 
Denmark 
multipl
e 
  55°05
' N 
8°33' E 0 1978 
20 Semibalanus 
balanoides 
Balaniform
es 
Qaqortoq, 
Greenlan
d 
2   60°43
' N 
46°02 
W 
  1974 
21 Semibalanus 
balanoides 
Balaniform
es 
Seyðisfjör
ður, 
Iceland 
1   65°16
' N 
14°00' 
W 
  1900 
22 Amphibalan
us 
amphitrite 
Balaniform
es 
Banjul, 
Gambia, 6 
foot 
scrapings 
off ship 
"Atlantide
" 
multipl
e 
        1945 
23 Amphibalan
us eburneus 
Balaniform
es 
Navy 
Port, 
Cartagena
, 
Colombia 
1   10°24
' N 
75°32' 
W 
  1973 
24 Amphibalan
us 
improvisus 
Balaniform
es 
Kristianh
avns 
Voldgrav, 
Copenhag
en, 
Denmark 
4   55°40
' N 
12°35' 
E 
  1898 
25 Amphibalan
us 
improvisus 
Balaniform
es 
ponton 
off 
Skovshov
ed havn, 
Copenhag
en, 
Denmark 
4   55°45
' N 
12°36' 
E 
  1958 
26 Amphibalan
us variegatus 
Balaniform
es 
East of 
Singapore 
multipl
e 
  1°20' 
N 
104°05' 
E 
10 1951 
27 Balanus 
balanus 
Balaniform
es 
Spitsberg
en, 
Norway 
1   78° N 15° E   2013 
28 Balanus 
concavus 
Balaniform
es 
UK, Isle of 
Wight 
multipl
e 
y 50°N 1°W interti
dal 
2013 
29 Balanus 
crenatus 
Balaniform
es 
Dodds 
Narrows, 
Vancouve
r Isl., B.C., 
Canada 
2   49°08
' N 
123°50' 
W 
0 1915 
30 Balanus 
trigonus 
Balaniform
es 
Ambon 
Island, 
Indonesia 
1   3°41' 
S 
148°10' 
E 
0 1922 
31 Megabalanus 
sp. 
Balaniform
es 
SE Asia 1 y         
32 Megabalanus Balaniform SE India 1         pre 
  
tintinnabulu
m 
es 1800 
(?) 
33 Notomegaba
lanus 
algicola 
Balaniform
es 
Walvis 
Bay S 
Africa 
1   22°56
' S 
14°29' 
E 
  1950 
34 Eochionelas
mus ohtai 
Balaniform
es 
North Fiji 
Trench, 
Pacific 
1 y 17°S 175°E 1990   
35 Catomerus 
polymerus 
Balaniform
es 
SW 
Australia 
1 y     interti
dal 
  
36 Chamaesipho 
columna 
Balaniform
es 
New 
Zealand 
2 y     interti
dal 
  
37 Chthamalus 
fragilis 
Balaniform
es 
Mole near 
Fort 
Macon, 
Beaufort, 
N.C., USA 
5   34°41
' N 
76°40' 
W 
  1972 
38 Chelonibia 
patula 
Balaniform
es 
Florida 
Keys, 
Florida, 
USA; 
attached 
to 
Limulus 
1 y 24°N 81°W     
39 Chelonibia 
sp. 
Balaniform
es 
Philippin
es, turtle 
barnacle 
1 y         
40 Coronula 
diadema 
Balaniform
es 
unknown, 
whale 
barnacle 
1 y         
41 Coronula 
diadema 
Balaniform
es 
sent from 
Julianeha
ab, 
Greenlan
d 
1           
42 Bathylasma 
hirsutum 
Balaniform
es 
Porcupin
e Bight 
1 y         
43 Tesseropora 
sp. 
Balaniform
es 
New 
Zealand 
multipl
e 
y     interti
dal 
  
44 Tetraclitella 
japonica 
Balaniform
es 
Taiwan 1 y 23°N 120°E interti
dal 
  
45 Yamaguchiel
la 
coerulescens 
Balaniform
es 
Kai 
Islands, 
Indonesia 
2   5°37' 
S 
132°44' 
E 
  1922 
46 Verruca 
stroemia 
Verrucifor
mes 
Donegal, 
Ireland, 
attached 
to 
Laminari
a holdfast 
1 y 54°37
' N 
8°10' 
W 
just 
subtid
al 
2012 
47 Metaverruca 
recta 
Verrucifor
mes 
Rodrigue
s Ridge, 
Indian 
Ocean 
1 y 25°S 70°E 2600 1987 
 
 
  
 
Subdivision position thickness 
no mm mm 
1 2.69 > 2.69 
2 5.73 3.04 
3 7.17 1.44 
4 9.24 2.07 
5 11.20 1.96 
6 12.58 1.38 
7 13.16 0.58 
8 13.48 0.32 
9 14.01 0.53 
edge 14.33 0.32 
 
